Abstract In this paper we compared two different approaches to estimate plankton energy consumption: (i) combination of the observed biomass-size spectrum and empirical allometric relationships between respiration and body size, and (ii) the experimental measurement of ETS (electronic transfer system) activity. The first approach was carried out through both discrete and continuous models. Results indicated a good agreement between predicted and observed metabolism in both a freshwater and an oceanic plankton assemblage from bacteria to zooplankton. The discrete integration of the spectrum accounts better for changing systems than continuous integration, which is more appropriate for theoretical approaches to studying the metabolism of the community. The combination of biomass spectrum slopes and allometric exponents was critical in metabolism sensitivity to size structure: flatter biomass slopes (as found in microbial assemblages) allow for greater variations in this size range to the total metabolism contribution of the planktonic community. For future studies, the fast progression in technical discrimination and measurement of particles makes this approach a promising tool for the analysis of energy budgets in planktonic ecosystems.
Introduction
The biomass spectrum approach has proven to be very useful in the study of the structure of pelagic oceanic communities (Sheldon et al., 1972; Platt and Denman, 1978; Rodriguez and Mullin, 1986a) . The open, oligotrophic ocean is especially appropriate to applications of this macroscopic approach due to its comparatively constant structure. Highly variable ecosystems also show global properties in their organization which can be addressed by studying their biomass spectrum structure and dynamics (Sprules and Munawar, 1986; Rodriguez et al., 1987; Echevarrfa et al., 1990; Gasol et al., 1991) .
However, there have been few attempts to apply size-spectrum analysis to describing the metabolic characteristics of ecosystems with predictable results. On the basis of empirical relationships found between the size of organisms and their metabolic characteristics (Peters, 1983; Calder, 1984) , Platt et al. (1984) theoretically estimated the respiration of the planktonic community in the Central Gyre of the North Pacific Ocean, whose size structure had been previously described by Beers et al. (1982) , There were no experimental, simultaneous measurements of respiration, so the empirical test of their theoretical predictions had to be carried out by using literature data taken from Williams (1981) . Gaedke (1993) also obtained an estimation of metabolism from the size structure of the planktonic community in Lake Constance and tested it against size-production data. Nevertheless, the test was only possible in relative units since production and metabolism are not directly comparable as they account for processes that vary in different ways across the size spectrum.
To what degree can ecosystem fluxes-such as respiration-be deduced from biomass spectra? The answer is not immediate. Quinones et al. (1994) considered the uncertainty in the allometric approach to the study of fluxes in the pelagic communities. According to this study, there would be three principal sources of uncertainty: (i) methodological, statistical and conceptual problems in constructing the fundamental allometric scaling equations (e.g. Seim and Saether, 1983; Smith, 1984; McNab, 1988; Blanco et al., 1994) ; (ii) the wide range of sizes and types of organisms used for allometric analysis of their metabolic properties and, therefore, the use of 'average' coefficients that may result in considerable deviations (Lampert, 1984; Calder, 1987) ; and (iii) the fact that it is in the narrow range <100 urn ESD (equivalent spherical diameter) where most of the community metabolism lies (Platt et al., 1984; Blanco, 1993) .
In this work we study the relationship between global community metabolism (a flux variable) and biomass spectrum (a stock variable). This differs from previous analyses such as those from Platt etal. (1984) and Gaedke (1993) by the use of simultaneous measurements of metabolism and biomass size distribution. The data come from studies carried out in two very different aquatic systems: a freshwater reservoir in Southern Spain and the North Atlantic shelf waters (Quinones, 1992) . In both cases, simultaneous data sets of respiration and size structure of planktonic communities were obtained through similar methods, covering a size range from bacteria to zooplankton. If a relationship between biomass size distribution and total community metabolism can be proven, the use of biomass spectra could be a valuable tool for studying energy budgets in planktonic communities.
Method

The size spectrum
The size spectrum is the main tool used in this work. The theoretical models (Platt and Denman, 1978) and empirical observations on the biomass distribution of living organisms suggest that there is a simple relationship between biomass and size of planktonic organisms in the open ocean (Platt et al., 1984; Rodriguez and Mullin, 1986) , as well as in freshwater ecosystems (Sprules and Munawar, 1986; Rodriguez et al., 1990; Ahrens and Peters, 1991; Gaedke, 1992) . When the organisms have been grouped in size classes (by mesh filtration, counting and measuring, etc.), the size structure can be represented in a histogram plot (similar to Figure 1 ) where each rectangle area expresses the biomass B corresponding to each size class. As the amplitude of size intervals Aw becomes narrower, the heights of the rectangles are approaching the derivative of the biomass distribution, which is called p\ the normalized biomass (Platt and Denman, 1978) since it can be approximated to P(w) = B(w, w + Aw)/Aw. If the size classes are geometrical of base 2 (i.e. lower limit, w, = 2') then Aw, = w, and, hence B(w h w, + j)/Aw, = B{yvh w, + i)/w ( -= N{\Vi) , where N is the abundance of organisms in the respective size class. This allows estimation of p by knowing N in octave classes. Nevertheless, , and the nominal size is the lower limit of each class. P and N are different functions (Blanco et al., 1994) . When data are plotted on a log-log axis, the relation is linear [log P(»v) = log a + blog w] with a slope value more or less close to -1 depending on different factors (see Rodriguez and Li, 1994 for a comprehensive description of the size spectrum approach to the study of plankton).
Theoretical approaches
There are two different ways to estimate total respiration for a size-structured community:
(i) Discrete model. The first is to know N(w h w, + {), a discrete-variable function, that assigns a number of organisms to the size class (w,, w, + {). The arrangement of classes is usually made in geometrical progression (see Blanco et al., 1994) . By knowing the allometric relationship between respiration and size, R(w), that gives the theoretical respiration for an individual of size w (Peters 1983) , the total respiration of a community, R, is calculated as
where n is the number of classes where the organisms were included and w Ni is the nominal size that represents all the organisms within each class.
The importance of a correct choice of the nominal size is frequently overlooked in this analysis. Usually the decision is simply to take the lower limit of the size class as the nominal size. Indeed it has no importance when we deal with metabolism (or any other global property) in arbitrary units (Gaedke, 1993) but Blanco et al. (1994) have demonstrated that the final result depends strongly on the form of w Ni (there are differences of up to 50% of the total estimation) and proposed the following to calculate the optimum nominal size for a particular size class:
where w, is the lower limit of size class, c is the ratio of the geometrical increasing of classes (e.g. 2 for an octave arrangement as in Sheldon et al., 1972) and b is the slope of normalized biomass spectrum. Gaedke (1993) followed this method to obtain different R for autotrophic and heterotrophic organisms, total metabolism being the sum of both.
(ii) Continuous model. Platt etal. (1984) proposed a continuous function of the form
where p is the function of density of biomass and p is the size-specific respiration [i.e. R(w)/w]. For size-specific respiration, the form p(w) = mw 1 is accepted, where m is a proportionality coefficient that relates the units in which respiration and size are expressed and s is a scaling coefficient derived empirically from the allometric relationship between respiration and size (Hemmingsen, 1960; Peters, 1983) . Therefore, following equation (3), the respiration of organisms whose sizes range from w 0 to w, is
Units and equations
The units of w must be the same in P and p to allow for their combination. This is particularly critical in plankton studies, where body size, biomass, and respiration are measured in a broad diversity of units. For instance, respiration is measured as biovolume (Caron et aL, 1985) , wet mass (Gaudy and Boucher, 1983) , dry mass (Ikeda, 1970) or carbon units (Ross, 1982) . Differences such as these will affect the value of R in two ways: (i) a proportional deviation, when differences in units are isometric [e.g. the relationship provided by Wiebe etal. (1975) for conversion of zooplankton volume into carbon units, C = 8% V\, and (ii) a more complicated deviation, when differences are allometric [e.g. conversion of phytoplankton cell volume (UJTI 3 ) into carbon (pg), log C = 0.866 log V -0.460 given by Strathmann (1967) ]. There are some attempts to eliminate these sources of discrepancy (Moloney and Field, 1989) but they always require subjective rules strongly dependent on the data source. Instead of increasing this degree of variability in the conversion of units by giving our own ones, we used the most general equation (see below) and we assessed the sensitivity of the final result.
We used biovolume (um 3 I" 1 ) to express biomass, oxygen consumption (ul O 2 h" 1 ) for respiration, and volume (um 3 ) for individual body size. Biomass spectra were constructed from the distribution of abundance in geometrical c = 2 (octaves) classes. The function N was obtained from linear regression (model I, Sokal and Rohlf, 1981) after logarithmic transformation of data. In order to define p\ the value of parameter a was corrected by the factor (b + l)/(2 6 +1 -1) [see Blanco et al. (1994) for details on the conversion of N into P]. For p, we used the equation of poikilotherms given by Peters (1983) , i? w = 0.14 w 015 , where R w is the individual respiration in watts and w is the individual size in kg wet mass. To allow for the combination with p\ we took 1 W = 50 ul O 2 s-1 (Peters, 1983) and organism density as 1 (1 kg = 10 15 urn 3 ); these assumptions yielded the equation p = 1.4 X 10~7 w 0 -25 , where w is in um 3 and p in ul O 2 h" 1 |im~3. We could have taken any other equation for p since our aim is to check the predictions of different models to the same problem, but we considered that this equation was representative for the empirical law on the size dependency of respiration (Hemmingsen, 1960; Banse, 1982) , Granada, South Spain). The experiment was carried out during 15 days within plastic bags of 1 m 3 (0.50 m X 5 m length), made of transparent polyethylene. We used data from the control bag (no treatment) and the enriched bag (with Na 2 HPO 4 50 ug I" 1 and NO 3 [NH 4 ) 1000 \ig H, -10-fold the control concentration). Samples were taken every 3 days with a water pump. From the integrated sample, the following subsamples were obtained: 10 ml (glutaraldehyde 20% fixed) for bacterial and nanoplankton counting (method of Hobbie et al., 1977) ; 200 ml (Lugol 2% fixed) for nano-and microplankton counting following the Utermohl technique (Lund et al., 1958) combined with a semiautomatic image analyser (see Echevarria et al, 1990 for further details); 11 was filtered onto a 47 mm Whatman CF/C fiberglass filter and stored in liquid N 2 for enzymatic analysis of electron transport system (ETS) activity following Packard et al. (1971) as modified by Relexans and Etcheber (1985) . The limits of the sample size range for the comparison between experimental and theoretical estimations were fixed between 1.2 um ESD (-2 urn 3 ), the practical pore diameter of GF/C (hence the measurement of respiration by ETS analysis corresponds to organisms of size >2 um 3 ), and 80 um ESD (-262 x 10 3 um 3 ) due to the sample volume analysed.
(//) North West Atlantic. The data came from a study which constructed empirically the first normalized metabolic size spectra of a plankton community covering a wide range of sizes in the marine environment (Quinones, 1992) . The sampling was conducted in the North West Atlantic (North East Channel, Georges Bank, Jordan Basin, and Scotian Shelf) during September 1990. Bacterio-, nanoand microplankton (<125 um ESD) sampling was carried out with Niskin bottles from surface to 100 m depth or a few meters above the bottom when shallower.
Then, by mixing proportionally the samples taken from different depths, an integrated sample of the water column was obtained. The integrated sample was sizefractionated immediately by gentle reverse filtration through Nytex plankton netting. Zooplankton sampling was carried out through vertical tows with Bongo nets (mesh size 64 |im). The maximum depth chosen for the vertical tow was usually -200 m or a few meters above the bottom when shallower. Bacterial biomass was estimated using the DAPI technique according to Porter and Feig (1980) and counted under an epifluorescence microscope. Bacterial biovolumes were estimated using image analysis from picture projections. Nano-and microplankton biomass was estimated using a combination of the Utermohl technique and image analysis. Zooplankton size-fractions were weighed in order to estimate their biomass and carbon content using a CHN elemental analyser. The upper limit of significant sampled size of zooplankton was 8 mm. The activity of the respiratory ETS of the nano-and microplankton was determined according to Packard and Williams (1981) , which is basically the same method as used in the freshwater case, except for the volume of enzymatic extract and reactive used. The zooplankton ETS activity was determined using the method of Owens and King (1975) , a technique which is based on the same procedure but with different pH to favor the zooplanktonic enzymes. A complete description of the methods used in obtaining this data set can be found in Quinones (1992) .
Results
Figure 1 is an example of the size distribution of organism abundance (TV) in the freshwater ecosystem and the corresponding continuous ((3) function. The fitting of P is limited to the range over 2 um 3 (1.2 urn ESD) as explained in Method. The parameters of f$ and the corresponding ETS activities obtained during the freshwater experiment appear in Table I . Observations corresponding to oceanic waters are in Table II . The P function had the same slope N but a different value of intercept, since it was corrected following Blanco et al. (1994) . In all cases, the slope of P was flatter than those found in oceanic (e.g. Rodriguez and Mullin, 1986b) or lacustrian (e.g. Sprules et ai, 1983; Gaedke, 1992 ) large ecosystems where the upper limit to the studied size spectrum is bigger than in our system. For comparison, Rodriguez etal. (1990) gave slopes of-0.64 for nanoplankton in an oligotrophic lake. To obtain total respiration from the size^abundance spectrum we used both a 'discrete model' [equation (1)] and a 'continuous model' [equation (4)]. In the case of the freshwater ecosystem, calculations were carried out for the total size range described previously. In the oceanic case, calculations were carried out separately for pice-to microplankton (1 urn to 125 urn ESD), zooplankton (125 urn to 8 mm ESD) and the overall size range. The comparison of these size-spectrum derived estimations with those obtained from the ETS essay is described in Figure 2 .
The estimates of respiration from size spectrum integration agreed very well with ETS measurements in all the oceanic stations but results in the freshwater study were more variable. The continuous model generated a good estimation of the experimental respiration of the freshwater community, predicting exactly three of the six values of the enriched system (days 3,12, and 15) and giving good estimation of three other days (fair in day 9, where a bloom of dinoflagellates occurred). The correlation between experimental and theoretical values is better with R (r 2 = 0.850, Figure 2B ) than with R (r 2 = 0.783, Figure 2A ). However, the prediction was better in the second case, since the slope (1.158, SE = 0.193) was not significantly different from 1 (the perfect prediction) whereas the prediction of R (slope = 0.503, SE = 0.071) roughly doubled the experimental findings.
Discussion
Effect of the calculation model
The few existing estimations of metabolism of planktonic communities from size-abundance distributions (Gaedke, 1993; Gaedke and Straile, 1994) are derived from the discrete model approach. Evidently, this method has the advantage of accounting for very localized changes in the size spectrum. This is why we obtained the best correlation between the experimental data and the estimator R. However, the principal disadvantage of the discrete model is that it requires point by point knowledge of the distribution of organisms and it is very sensitive to all the problems which characterize discrete distributions [the choice of intervals, scale and nominal size that may deviate the result up to 50%; see Blanco et al. (1994) and Vidondo et al. (1997) ]. On the other hand, theoretical developments of the study of energy flow within the size spectrum require work with continuous functions such as p and k(see Platt et al, 1984) . Our results show that the continuous model is less sensitive to episodic changes in size spectrum shape, because the linear form of P tends to smooth or filter short scale deviations from the general pattern.
Effect of coefficients and units
The variations of coefficients a or m produce proportional changes in the estimation of metabolism [equations (1) and (4), see also Figure 3 ]. The usual way to construct p by taking the lower limits of sizes classes as nominal size (e.g. Sprules et al., 1983; Echevarria et al, 1990; Gaedke, 1992) tends to underestimate the coefficient a and hence the estimated respiration. This problem was solved by determining the nominal size such as the integral of (3 and was the total biomass within each class (see Method). A more difficult problem to be solved, affecting both the continuous model and the discrete model, is the wide range of variation of m, a parameter that results from many conversions of units. These conversions are necessary to summarize data for regression analysis (Moloney and Field, 1989) or to check with the used units of P (as in this work). For instance, the original Peters' value of m = 0.14 W kg" 075 for poikilotherms (R in watts, w in kg) can be transformed in order to compare it with Gaedke's and Moloney's works (R in pg C day 1 , w in pg C) to yield m « 46 pg C 0 -25 day 1 , -3-fold the value that Moloney and Field (1989) give for particle feeders of plankton (14 pg C 0 -25 ) and ~20-fold the values they use for bacteria and phytoplankton (1.7-2 pg C 0 -25 day 1 ) that are fairly close to Peters' value for unicells (0.018 W kg" 075 = 6 pg C 0 -25 day 1 ). The selection of an adequate value of m is the problem to solve. The parameter m should be different when the size spectrum covers several kinds of organisms (i.e. bacteria, unicells, poikilotherms) . Even the same size range of organisms could have different values of m in different ecosystems. The appropriate solution to this problem is to split the size spectrum into sections or levels so that the metabolic properties of organisms were homogeneous (i.e. bacteria, eukaryotic unicells, zooplankton, etc.), this would not introduce so much complexity in the application of the models and, moreover, it could be a desired feature to discriminate the different contributions of functional groups to the total energy flow throughout the community.
The ETS activity provides an estimation of the metabolic activity of organisms as a maximum velocity of electron transfer (a maximum potential respiratory activity): the enzyme activity is expressed as the reduction rate of the electron acceptor in stoichiometrically equivalent units of oxygen, and then conversion factors can be used to transform this measurement to in situ oxygen consumption. There is some controversy regarding the conversion factors to be used (for a review see Packard, 1985) . This implies other types of proportional changes in the parameter m when the comparison is made between oxygen consumption and ETS activity, although the effect is less important than the changes of m between different types of organisms because the value of the ratio ETS activityrrespiration is usually between 0.8 and 2 (Relexans and Etcheber, 1985) .
Effect of slopes
On the other hand, changes in b or s produce non-proportional (allometric) effects in the estimation of metabolism [equations (1) and (4), see also Figure 3 ]. The value of s = -0.25 is widely accepted (Peters, 1983; Calder, 1984; Moloney and Field, 1989,1991; Gaedke, 1993; Gaedke and Straile, 1994) . The constancy of s seems to be a general characteristic of most of the processes occurring in nature (Peters, 1983 , Calder, 1984 and there is no reason to assume changes in this parameter along the size spectrum (Moloney and Field, 1989) although it does vary locally in some kinds of organisms between-0.1 and -0.4 (Moloney and Field, 1989 and references therein) . For p\ the range of slope values ranges from the theoretical -1.22 (Platt and Denman, 1978) , empirical -1.16 (Rodriguez and Mullin, 1986b) to flatter slopes of -0.6 found in pico-nanoplankton communities Gasol et aL, 1991; Garcia et aL, 1994) . In practice, b is close to -1 in most systems to a certain extent, including oceanic particles (Sheldon et aL, 1972) , limnoplankton (Sprules and Munawar, 1986; Echevarria et aL, 1990; Ahrens and Peters, 1991; Gaedke, 1992) or oceanic micro-and mesozooplankton (Quinones, 1992; Quinones et aL, 1994) . In this case, we chose an ideal combination of b + s = (-1.00) + (-0.25) = -1.25 which could be the expected slope of R regarding the two paradigms of particle size distribution (Sheldon, 1972) and physiological scaling of metabolism (Peter, 1983) . All ecosystems fall around this 'pivot point' depending on their individual size distribution and physiological structure as shown in Figure 3 .
The sensitivity of R to changes in b + s is not constant as it is when considering coefficients a and m; now the global metabolism is more sensitive to flatter slopes such as those found in pico-nanoplankton assemblages where slight variations in slopes produce great changes in the estimated respiration (Figure 3 ). This means that the global metabolism of a community with a flat slope (b + s) can change faster than another with a steeper slope. In this sense, bacterial assemblages usually show lower metabolism rates than those predicted by allometric rules (Strayer, 1988; Joint, 1991; Gaedke and Straile, 1994) . We suggest the possibility that, in the same manner that m decreases one order of magnitude from homeotherms to poikilotherms and one order again to unicells (4.1 -» 0.14 -> 0.018; Peters, 1983) picoplankton could have lower values of m than the values we usually assume. However, pico-nanoplankton communities have the highest potential to modify their global metabolism-and hence the flow of energy through them-since their size distribution is flatter than that for the corresponding bigger organisms, which are attained to a steeper, low efficiency transfer, slope of global metabolism.
This implies that the constancy of s releases the sensitivity of the total community metabolism on the slope of biomass spectrum, which characterizes not only the flow of energy through the size axis (Platt and Silvert, 1981) but also the differential contribution of organization levels (bacteria, unicells, poikilotherms) to the potential variations in that flow.
Scope of the method
The models introduced here can be applied to any system that could be properly (continuous, smooth) represented by a size spectrum. The results will be more accurate as this premise is fulfilled. The analysis of the size structure of plankton has not been previously considered as an alternative method to estimate community respiration, except in terms of comparison (Platt et al, 1984) . This size-spectrum approach offers insights in relation to thermodynamic or evolutionary ecological questions, or in the study of the physical-biological coupling in aquatic ecosystem dynamics. As an example, thanks to a combination of flow cytometry and digital image analysis we can now describe quickly the complete autotrophic size-abundance spectrum. The flow cytometry section of the spectrum can be obtained on board, during the normal development of an oceanographic cruise.
Moreover, the combination of size spectra and allometry permits a reasonable estimation of community respiration, and offers some advantages over the ETS measurements or other measurements of bulk properties, such as: (i) to assess the metabolic contribution of any given size range to total metabolism. This is important in the analysis of microbial communities whose ETS activity is more difficult to study because of the filtering limitations for size fractionation and the amount of biomass necessary to carry out the ETS assay; and (ii) to use different allometric equations for autotrophic and heterotrophic assemblages that can be distinguished through automated analyses (i.e. flow cytometry, epifluorescence digital image analysis). This would yield information about the relative importance of functional groups, information which cannot be derived from ETS or other respiration methods that use bulk properties (such as chlorophyll) instead of individual particle properties.
